In the present work, thermogravimetric analysis (TG) was employed in order to investigate the thermal degradation of electronic waste under pyrolysis and combustion conditions. Three materials, namely keyboard, telephone wire, and printed circuit board (PCB) were studied and compared with each other. TG experiments were performed at a heating rate of 10 o C/min up to 700°C. Arrhenius model was used to obtain the kinetic parameters from the TG data. From the model, the Arrhenius parameters such as activation energy and the pre-exponential factor were determined for each step in pyrolysis and combustion process. The results indicated that the thermal stability sequence for the three studied species can be described as: keyboard>PCB>telephone line. The activation energy order at the first process of combustion is in agreement with that of pyrolysis' first step, but the activation energy at the first process of combustion is little more than that of the pyrolysis' first step.
Introduction
The production of electric and electronic equipment is increasing worldwide. Increasingly short product life cycles and rapidly advancing technology have led to huge volumes of relatively new electronic goods being discarded. The hazardous materials (i.e., phosphor coatings of cathode ray tubes, batteries, capacitors, and plastics containing flame-retardant bromine, etc.) contained in waste electric and electronic equipment (WEEE) may seriously pollute the environment if they are not properly disposed. In addition to the hazardous materials, some valuable materials (i.e., copper-containing motors, plastic or iron parts, gold-, silver-and copper-bearing printed circuit boards, etc.) contained in WEEE make them worth being recycled. Current methods for processing WEEE are either non-thermal or thermal ones. Thermal processes have attracted more and more attention due to its compromise between material recovery and energy recovery. Pyrolysis and combustion constitute the most reliable thermal treatment methods. In both pyrolysis and combustion, primary pyrolytic reactions are present, and consequently the study of their kinetics is interesting [1] . Thermal analysis and kinetic parameters can be studied in different atmospheres using Thermogravimetric analysis (TG) [2] [3] [4] [5] .
In this study, pyrolysis and combustion decomposition of electronic waste is performed on a TG system. The samples consisted of keyboard, telephone wire, and printed circuit board (PCB). Furthermore, the present study provides a kinetic assessment of the pyrolysis and combustion of these materials. The Arrhenius model model was applied to treat non-isothermal TG data in order to obtain kinetic parameters that can be useful for the design of a furnace/reactors in both cases and behaviors.
Experimental details
In the study, thermogravimetric analysis of a series of WEEE sample was carried out. Two different atmospheres were used: on the one hand, an inert atmosphere (N 2 ) in order to study the pyrolysis of the material, and on the other hand an oxidative atmosphere (Air) to study its combustion.
Three types of samples, including keyboard, telephone wire, and PCB waste have been selected. The original materials were crushed and pulverized into powder for further analysis and experiment. Table 1 presents the results of ultimate and proximate analysis of the samples. An Elementar-VarioEL III analyzer was used for chemical composition analysis, such as carbon (C), hydrogen (H), nitrogen (N). The proximate analysis data of the raw materials was estimated from the succedent TG curves presented in the paper. These three materials were found to have very different properties. According to the ultimate analysis, keyboard presented the highest elemental carbon content among the samples, while PCB presents the lowest carbon content. The proximate analysis results revealed that keyboard had a high volatile content and PCB had a high ash content. TG analysis has been carried out in a STA449C thermobalance. Each run, approximately 10mg of sample was heated from room temperature to 700 o C at a heating rate of 10 o C/min. Nitrogen was used as carrier gas because of its inertia with a flow of 30mL/min during pyrolysis; the air was used as oxidant during combustion at the same flow rate.
Kinetic interpretation of experimental data
Non-isothermal kinetic study of weight loss under pyrolysis and combustion process is extremely complex for WEEE because of the presence of the numerous complex components and their parallel and consecutive reactions, therefore the calculated kinetic parameters should be regarded as apparent values representing complex and consecutive reactions. Since the sample size is small and there is an excess of purge gas supply outside the sample pan, mass transfer limitations have almost no effect on the progress of the reaction. It is therefore reasonable to assume that the non-isothermal pyrolysis and combustion can be described by first order Arrhenius law [5, 6] .
The kinetic equation of pyrolysis and combustion can be written as follows:
Rearranging Eq. (1), the kinetic equation may be expressed as following formula:
where, dt dT / According to the approximate expression of Coats-Redfern method, and for a constant heating rate, t d dT / during pyrolysis and combustion, rearranging Eq.(5) and integrating gives:
As the term of 2RT/E can be neglected since it is much more less than 1, Eq.(6) can be simplified as:
In the above equations, A is pre-exponential factor, min -1 ; T is temperature, K; E is activation energy, kJ/mol; w t is weight of sample at time, t, g; k is pyrolysis rate constant, s -1 ; w 0 is initial weight of sample, g; n is reaction order; w ∞ is final weight of sample, g; R is gas constant, 8.314 J/(mol K); a is conversion of samples; t is time, s.
In Eq.(7), the term of intercept of the line with y-axis is related to the pre-exponential factor A. In this paper, it is assumed that the process of pyrolysis and combustion for WEEE can be described as one or several consecutive first order reactions, which means that Eq. (7) is applied separately to each of the stages. To do so, the conversion a was recalculated for each reaction. Fig. 1-3 presents the thermal decomposition of the three studied species, both in pyrolysis and combustion carried out at 10 o C/min. In the figures, the weight fraction represents the residual weight fraction of the solid, sum of the residue formed and the non-reacted initial solid. The comparisons of the TG and DTG curves for the three samples show that they vary with respective to one another. This is due to the compositional differences among the keyboard, telephone line and PCB waste. As can be seen from the degradation curves (Fig. 1) C for PCB. In contrary, the pyrolysis of telephone line showed two-step degradation. The DTG curve has two peaks. The first peak was around 175-362 o C exhibited a maximum degradation rate at 293 o C, and the second peak is in the range of 362-512 o C exhibited a maximum degradation rate at 466 o C. The char yield of telephone line pyrolysis obtained from the TG curve is about 37.27%. The weight loss for telephone line/PCB waste is comparatively lower than that of keyboard waste due to the high presence of inorganic compounds in the telephone line/PCB waste. According to the initial reaction temperature of each sample, the thermal stability sequence for the three studied species pyrolysis process is described as: keyboard>PCB>telephone line. The different behavior of the thermal decomposition in combustion runs, when oxygen is present, can be observed (As indicated in Fig. 1-3 ). Senneca et al [7] considered that two extreme pathways of solid fuel conversion in an oxidizing atmosphere are possible, as shown in Fig. 4 . One is represented by the sequential steps of purely thermal degradation of the material ( pyrolysis; reaction A ) followed by combustion of volatile matter and char generated by pyrolysis (reactions B). The other pathway represents direct in situ heterogeneous oxidation (reaction C) of fixed carbon and volatile matter that ultimately yields combustion products. How close is the actual conversion pathway to either extreme depends on the very nature of the solid fuel and on operating conditions (particle size, temperature, and oxygen partial pressure ). As indicated in Fig. 1and Fig. 2 , keyboard and PCB have a combustion curve that coincides with pyrolysis curve where a considerable part of the initial material decomposes as happened in the absence of oxygen, expect in the last part of the combustion thermogram where a final decomposition appears as a consequence of the combustion of the char previously formed. Their DTG curves have two clear and visible peaks, but a slight acceleration of the combustion versus pyrolysis is observed for keyboard. There is a clear behavior of the type pyrolytic decomposition with char formation + char combustion for keyboard and PCB combustion [1, 8] . For telephone line, its combustion curve was firstly close to the pyrolysis curve, and then under the corresponding pyrolysis curve. DTG curve exhibits three obvious peaks. Below 319 o C, its combustion curve was close to the corresponding pyrolysis curve indicating that there is a first step of pyrolysis, and then in the range of 319-424 o C the oxygen might react with the residue formed in the first step of pyrolysis. When the residue formed in the first decomposition was consumed, the oxygen continued to react with the unpyrolyzed material, at this time, the char formed is burnt simultaneously to its formation, directly forming CO 2 , CO and H 2 O. According to the analysis results, the telephone line firstly undergoes pyrolysis+combustion and then undergoes oxidative pyrolysis in the combustion process.
Results and discusstion

TG analysis
Additionally, different amounts of final weight were obtained in the presence or absence of oxygen. Pyrolysis experiments reach smaller decomposition fractions than experiments in the presence of oxygen. Conesa et al [1] also found similar phenomena. The reason is listed as follows: in pyrolysis, the residue contains inorganic material and char, while in combustion, the residue is the ash formed by inorganic matter. Table 2 presents the activation energies E and the Arrhenius pre-exponential factors A for each step during WEEE pyrolysis and combustion. The value of correlation coefficient, R, is in the range 0.9538-0.9914. The good correlation coefficient indicates that the corresponding independent first-order reaction model fits the experimental data very well. As shown in Table 2 , the activation energy is 149.28kJ mol -1 and the frequency factor is 2.01×10 9 min -1 in PCB pyrolysis. In keyboard pyrolysis, the activation energy and frequency factor are 166.08kJ mol -1 and 7.82×10 8 min -1 , respectively. The activation energy of the first stage pyrolysis of telephone line is 96.76kJ mol -1 , and is 191.76kJ mol -1 in the second stage. From the activation energy obtained, the pyrolysis of PCB waste is found to be easier than keyboard but more difficult than telephone line. This result is in correspondence with thermostability sequence analysis of the three studied materials. In combustion runs, at the first process of combustion, keyboard has the highest value of activation energy (182.29kJ·mol -1 ), followed by PCB waste (155.94kJ·mol -1 ) and lastly by telephone line (191.76kJ·mol -1 ), the activation energy order is in agreement with that of pyrolysis' first step. But the activation energy of the first step during combustion is little more than that of the pyrolysis' first step. The reason may be that during combustion, the formed carbonaceous char will act as a physical barrier to insulate heat from the flame and to prevent the diffusion of combustible gases. This slows mass and heat transfer, decreases reaction activity, and makes combustion more difficult. More energy is needed to activate the system. Consequently, the activation energy increases. It is observed that the activation energy of keyboard and telephone line in the second step for fixed carbon combustion is larger than the first step for volatile material combustion except for PCB waste. Although the second step of combustion for three studied sample was related to the char combustion, their activation energies were different since carbon combustion depends on composition and morphology of carbon layer.
Kinetic analysis
Conclusions
The decomposition of three different electronic waste samples was investigated using a TG analyzer. Both pyrolysis in inert atmosphere and combustion in the presence of oxygen were studied. The results indicated that the thermal stability sequence for the three studied species can be described as: keyboard>PCB>telephone line. In the combustion of WEEE, an initial step of pyrolysis can occur producing volatiles that undergo more cracking and combustion, and the combustion type of keyboard and PCB waste belonged to pyrolytic decomposition with char formation+char combustion, nevertheless, telephone line combustion firstly undergoes pyrolysis+combustion and then undergoes oxidative pyrolysis. The kinetic analysis results revealed that the activation energy for first step pyrolysis of keyboard, PCB waste and telephone line was 166.08, 149.28 and 96.76kJ/mol, respectively. The activation energy order at the first process of combustion is in agreement with that of pyrolysis' first step. But the activation energy at the first process of combustion is little more than that of the pyrolysis' first step.
